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摘要 

 

   有機薄膜電晶體，因其具有低溫製程、低成本和製程簡單的優勢，所以在如

可撓曲式面板、感測器和RFID及其他的電子元件等都有很好的應用。但在有機

元件製作上仍有部分需克服的難題，如主動區的圖形化、有機元件的保護層製作

不易和高操作電壓等。其中有機主動區的圖形化可防止電晶體間的crosstalk現象

及降低漏電，目前有機元件圖形化的相關文獻中，仍有許多未加以討論的部份，

此論文將利用兩種不同製程方法將主動區成功圖形化，並加以討論成功圖形化的

關鍵。 

   本文所述的兩種方法都是利用控制表面能差異來成功的圖形化。第一種是利

用UV光調變自組裝單層膜(SAM)的極性，使pentacene成長在親、疏水兩種不同

的表面上。第二種方式是將原本有親油的介電層AlN，使用氧電漿處理來讓AlN

表面能大幅上升。兩種方法都是利用不同模式成長的pentacene與介電層之間的鍵

結力強弱不同，在經過去離子水溶液浸泡之後，因為去離子水對不同表面的侵入

能不同，鍵結力弱的區域便因此剝落，而有高表面能的區域便可留在預定的區

域，元件也因此圖形化。其中介於pentacene薄膜、基板與去離子水間的不同侵入

能，便是成功定義出主動區的關鍵因素。而我們所提出的此定義方式，亦可與傳

統的黃光微影製程結合，製作出OTFTs陣列。 
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Abstract 

 

    Due to the advantages of low process temperature、low cost and simple process 

fabrication, organic thin-film transistors have drawn lots of attentions in their 

applications on flexible display, sensor, radio-frequency identification tags. However, 

some key issues such as active layer patterning、organic device passivation、high 

operation voltage still have to be overcome. To prevent the transistor crosstalk and 

reduce the drain leakage current, many methods were proposed to pattern the active 

regions. However, complex process or special materials were required. In this thesis, 

two new methods were demonstrated and discussed to pattern the pentacene film.  

    By controlling the surface energy, the proposed two methods can pattern the 

pentacene successfully. Firstly, the self-assemble monolayer (SAM) was partially 

exposed by UV light to adjust the surface energy. By using backside exposure, 

self-aligned patterning can be achieved. The morphology of the pentacene film 
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changed when the pentacene film was deposited on regions with different surface 

energies. In the second method, the hydrophobic dielectric (aluminum nitride film) 

was partially treated with O2 plasma to become hydrophilic surface. These different 

dielectric surfaces caused different pentacene structure and different adhesion 

energies. After water dipping, the pentacene on high-surface-energy region was 

lifted-off, and the one on low-surface-energy one region kept unchanged. The 

adhesion energy and the intrusion energy were analyzed to reveal that the dipping was 

a lift-off process. The key for successful patterning was the intrusion energy between 

pentacene, substrate (hydrophilic or hydrophobic) and the D.I. water. The proposed 

technology was compatible to conventional lithography system and applicable to 

OTFT arrays. 
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Chapter 1 

Introduction  

1-1 Introduction of OTFTs 

Recently, organic thin-film transistors (OTFTs) have drawn lots of attentions due to 

their applications on the organic electronics, the radio-frequency identification tags, the 

electronic papers, and other electronics integrated with organic circuits have been 

proposed flexible displays [1] [2]. Within a few years, the performances of OTFTs had 

been improved to be comparable to or better than those of amorphous Si (a-Si) TFTs [3] 

[4]. Many reports have successfully demonstrated low temperature processes to 

fabricate low-voltage high-mobility OTFTs. A number of organic materials such as 

polythiophene, α- sexithiophene (α-6T) have been investigated for use in field effect 

transistors (FETs). Polycrystalline molecular solids such as α-sexithiophene (α-6T) or 

amorphous/semi-crystalline polymers such as polythiophene or acenes such as 

pentacene, teracene show the highest mobilities as illustrated in Fig. 1.2 [5].

Organic conjugated materials used in OTFTs can be generally divided into two 

groups. Among the semiconductors, one group is the polymers and the other is the 

oligomers. The polymers are formed by a repeating chain of hydrogen and carbon in 

various configurations with other elements, but they have relatively poor mobilities 

(4X10-2cm2/Vs [6]). The oligomers are held together by weak Van der Waal forces 
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and thermal-evaporated with good ordering. Devices fabricated with oligomers have 

higher mobilities (1.5 cm2/Vs [7]). The organic materials can function either as p-type 

or n-type. In p-type semiconductors, the majority carriers are holes; while in n-type 

the majority carriers are electrons. Among, p-type semiconductors are the most widely 

studied organic semiconductors. Recently, many molecular semiconductors, such as 

pentacene, thiophene oligomers, and regioregular poly(3-alkyl-thiophene) are 

proposed. The pentacene (C22H14) is a promising candidate for future electronic 

devices and an interesting model system, due to its superior field effect mobility and 

environmental stability [8]. 

Pentacene is one of the popular materials in OTFTs.  Its mobility has reached 

the fundamental limit (>3cm2/Vs) [9] which is obtained with a single crystaline at 

room temperature.  The mobility of pentacene is comparable to that of amorphous 

silicon which is widely developed and used in active matrix liquid crystal displays 

(AMLCD) and the other electronic applications.  

Pentacene is an aromatic compound with five condensed benzene rings and 

therefore, the chemical formula is C22H14 as shown in Fig. 1.1. Its purity leads to 

longer diffusion length for the charge transporting with less interaction with the lattice. 

Furthermore, the impurities in the material tend to chemically combine with the 

organic semiconductor material which leads to irregularities in the band gap [10]. 
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Therefore, the thermal evaporation is carried out under high or ultra high vacuum 

conditions to avoid the impurities and increase the quality of the material. It is well 

known that the deposition temperature, deposition pressure, and deposition rate are 

the three critical parameters to the organic film quality. Low deposition rate and 

appropriate deposition temperature is expected to result in better ordering of the 

organic molecules, thin-film phase formation of pentacene film, and the better 

performance [11]. In OTFTs, the roughness has an influence on the morphology, 

whereas the films on the smooth thermal oxide are in generally highly ordered. The 

surface chemistry also is a typical issue to organic devices. Changing surface polarity 

as a hydrophobic surface by surface treatment leads to mobility increasing [12]. 

Finally, the exact nature of the charge carrier transport in organic molecular 

crystals is still not well-understood, which has been the focus in many theoretical 

studies [13]. 

 

1-2 Active layer patterning 

To reduce drain leakage current and lower crosstalk among devices, pentacene 

active layers were highly demanded to be patterned. For the applications in organic 

displays, several pentacene patterning methods were suggested as below: 
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1-2.1 Traditional photo resist 

As conventional silicon based TFT fabrication, the photo resist was spin-coated 

and defined on the surface of pentacene. However, the organic film would be 

destroyed in the solvent based photo resist processes [14]. 

 

1-2.2 Water-based PVA photosensitized as a mask 

Water-based Polyvinyl alcohol (PVA) photo resist was used to pattern the 

pentacene based active layer as shown in Fig. 1.3. Different from the traditional 

lithography process, the PVA is a water-soluble material. Pentacene destroyed by the 

solvent based photo resist would be reduced when the photo resist was replaced by the 

water-based ones [15.16]. However, the temperature of PVA baking may be a critical 

factor to affect the performance of OTFTs. The degradation of electrical performance 

after PVA patterning process has to been noticed. 

 

1-2.3 Shadow mask 

    Patterning by a shadow mask was widely used in the various processes. In 

pentacene based OTFT process, the shadow mask was attached to the device before 

pentacene deposition and the active layer was patterned directly. However, the 

resolution of OTFT device might be limited to the technique of shadow mask 
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manufacture. 

 1-3.4 Dielectric surface energy modulation 

  Some patterning methods were published by the modulation of the surface energy. 

Pentacene grown on the different surface energy would have the different morphology 

and characteristics. Two of the pentacene patterning by modifying the surface energy 

was introduced as below:  

 (i) Pentacene patterning by O2 plasma [17] 

  O2 plasma and SAM-OTS was used to modify the surface energy by Jin Jang et.al. 

As illustrated in Fig. 1.4, the pentacene film would selective grow on the OTS 

treatment region. The morphology of the pentacene film would be different when the 

pentacene film grown on different surface energy region. 

 

 (ii) Using UV light to pattern SAM [18] 

   The self-assembled monolayer (SAM) was self-aligned to the gate electrode 

initially formed on the quartz-glass substrate and patterned by the UV light exposure as 

shown in Fig. 1.5. The surface polarity of SAM increased drastically when the 

SAM-treated dielectric surface was exposed by UV light. Different pentacene ordering 

and electrical characteristic would be observed when the pentacene was grown on the 

different surface energy region. However, the pentacene was not lifted-off in this 
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method and the drain leakage current might be occurred.  

 

1-4 Motivation 

   Fabricate a high performance organic TFT, some technologies still have to be 

improved, such as active region patterning, organic device passivation, high operation 

voltage…and so on. To prevent the transistor crosstalk and reduce drain current leakage, 

some related published methods were suggested to pattern the active regions. 

   In this thesis, controlling the surface energy would be suggested to pattern 

pentacene film. Different surface energy controlling methods and structures were 

discussed in this thesis. The hydrophobic gate dielectric treated with O2 plasma and 

hydrophobic SAM exposed by UV light would be the main surface energy controlling 

method in this thesis.  
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Figure of Chapter 1 
 
 
 

 

 
Fig. 1.1 Molecular structure of (a) sexithiophene and (b) pentacene. 

 
 
 
 

 

 

Fig. 1.2  Semilogarithmic plot of mobility over years.  
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Fig. 1.3  The process flow of related patterning method by 
water-based PVA 

 
 
 

 

 
 
Fig. 1.4 The cross-section of related patterning method by O2 plasma 
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Fig. 1.5 The process flow of related patterning method by UV light 
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Chapter 2 

Device structures, fabrication and  

parameters extraction  

2.1 Device structures and fabrication  

The devices used in this series of experiments are the top contact (TC) structure, 

which means the organic semiconductor layer is deposited on the bottom of the 

contact electrodes. The detail fabrication processes are following: 

2.1-1 Device pattered by UV light  

Step1. Substrate and gate electrode 

The 3x3 cm  square, 1cm in thickness, polished quartz was used as substrate. 

Before the gate electrode deposited, the substrate was cleaned by KG solution with 

ultrasonic. To prevent the UV light exposure and pattern the organic active layer, the 

gold, nickel, and aluminum were used as gate electrodes respectively. The metal 

electrodes were deposited by the thermal coater. 

 

Step2.Dielectric deposition 

  The transparent dielectric Al2O3 was deposited by the E-gun deposition system 

( ULVAC EBX-10C ). The deposition rate was around 0.5Å/sec during the deposition 

2
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at a pressure of around 1×10-6torr. The thickness of the Al2O3 layer was around 1000Å, 

monitored by the quartz crystal oscillator. 

 

Step3. Surface treatment 

  Before pentacene deposited, the sample was dipped in diluted ODMS with 

alcohol to grow a self-assembled monolayer on the dielectric surface. The surface 

polarity of dielectric would be modified to be a hydrophobic one by the ODMS 

treatment.  

 

Step4. UV light exposure  

 As illustrated in Fig. 2.1, the dielectric surface treated with ODMS was exposed 

by UV light from the bottom of the quartz substrate for 60 minutes. The contact angle 

and surface free energy was controlled by the UV exposing time. 

 

Step5. Pentacene film deposition 

The pentacene material obtained from Aldrich without any purification was 

directly placed in the thermal coater for the deposition. It is well known that the 

deposition pressure, deposition rate, and deposition temperature are the three critical 

parameters to the quality of the organic film [19]. The deposition is started at the 
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pressure around 3×10-6torr.  The deposition rate is controlled at ~0.5Å/sec and the 

thickness of pentacene film was about 1000Å, monitored by the quartz crystal 

oscillator. Slower deposition rate is expected to result in smoother and better ordering 

of the organic molecules. The deposition temperature is also a factor influencing the 

pentacene film formation. The temperature used in pentacene films depositing is 70 oC. 

The pentacene was deposited directly without shadow mask. 

 

Step6.Patterned pentacene 

As shown in Fig. 2.2, the device was dipped in D.I. water.  The pentacene film 

deposited on the UV exposed region was removed. The active regions were patterned 

successfully in this process. 

 

2.1-2 Active regions defined by a shadow mask 

Step1. Substrate and gate electrode 

4-inch n-type heavily-doped single crystal silicon wafer with (100) orientation is 

used as substrate and gate electrode.  

 

Step2.Dielectric deposition 

After the initial RCA cleaning, the 1000 Å aluminum nitride (AlN) films were 
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deposited by a radio frequency inductively coupled plasma (RF-ICP) system [20]. 

Before the wafer transferred into the RF-ICP system, the particles and the impurities 

were removed by acetone with ultrasonic and the native oxide was removed by 

dipping the wafer in the dilute HF solution (HF: H2O=1:100). The RF-ICP system 

was pumped down to a base pressure less than 2×10-6torr before admitting gas in. A 

mixed gas of argon and nitrogen was monitored by mass flow controllers at Ar/N2 

ratio: 2/12. The AlN film was deposited at a total pressure of 2.5mtorr and at a 

substrate temperature around 120oC.  The RF gun and the inductively coupled coil 

power was 50W. 

 

Step3. Pentacene film deposition through shadow mask 

The pentacene material obtained from Aldrich without any purification was 

directly placed in the thermal coater for the deposition.  It is well known that the 

deposition pressure, deposition rate, and deposition temperature are the three critical 

parameters to the quality of the organic film [19].  The deposition is started at the 

pressure around 3×10-6torr.  The deposition rate is controlled at ~0.5Å/sec and the 

thickness of pentacene film was about 1000Å, monitored by the quartz crystal 

oscillator.  Slower deposition rate is expected to result in smoother and better 

ordering of the organic molecules.  The deposition temperature is also a factor 
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influencing the pentacene film formation.  The temperature we use in depositing 

pentacene films is 70 oC.  We use shadow mask to define the active region of each 

device. 

 

Step4. Source/Drain deposition through the shadow mask 

The injection barrier of the OTFT device is determined by the materials of the 

source and drain electrodes.  Materials with large work function are preferred to 

form Ohmic contact [21]. The Au with work function ~5.1eV does help to provide a 

better injection. Then, we deposited Au as the source/drain electrodes on the 

pentacene film. Au was deposited on the active layer by ULVAC thermal coater at 

deposition pressure 3×10-6 torr. The thickness of the electrode pad is 1000Å. 

 

2.1-3 Device patterned by O2 plasma 

Step1. Substrate and gate electrode 

4-inch n-type heavily-doped single crystal silicon wafer with (100) orientation is 

used as substrate and gate electrode.  

 

Step2.Dielectric formation 

After the initial RCA cleaning, the 1000 Å aluminum nitride films were 
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deposited by a radio frequency inductively coupled plasma (RF-ICP) system [20]. 

Before the wafer transferred into the RF-ICP system, the particles and the impurities 

were removed by acetone with ultrasonic and the native oxide was removed by 

dipping the wafer in the dilute HF solution (HF:H2O=1:100).  The RF-ICP system 

was pumped down to a base pressure less than 2×10-6torr before admitting gas in.  A 

mixed gas of argon and nitrogen was monitored by mass flow controllers at Ar/N2 

ratio: 2/12. The AlN film was deposited at a total pressure of 2.5mtorr and at a 

substrate temperature around 120oC.  The RF gun and the inductively coupled coil 

power was 50W. 

 

Step3. O2 plasma treatment 

   As shown in Figure 2.3, the surface of the AlN layer treated with O2 plasma 

were patterned by the conventional photolithography process. The photo resist 

FH-6400 was spin-coated with 1000rpm for 10 seconds followed by 1500rpm for 15 

seconds and then soft-baked at 90oC for 1 minute. The exposure energy and exposure 

time are 300W and 90seconds. And then, the device is developed in developer FHD-5. 

After rinsed with water, hard bake of 3 minutes at 120oC is used to expel the solvent 

inside the photo resist. 

   As illustrated in Fig. 2.4, the surface was partial treated by O2 plasma in 
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PECVD for 12 minutes. The system was pumped down to 3×10-6 torr, the substrate 

was heated up to 250 oC and mixed oxygen gas was purge. The contact angle and 

surface free energy of AlN film was altered from hydrophobic to hydrophilic. Finally, 

the photo resist was stripped by acetone with ultrasonic for 5 minutes after O2 plasma 

treatment. 

  

Step4. Pentacene film deposition 

The pentacene material obtained from Aldrich without any purification was 

directly placed in the thermal coater for the deposition. It is well known that the 

deposition pressure, deposition rate, and deposition temperature are the three critical 

parameters to the quality of the organic film [19]. The deposition is started at the 

pressure around 3×10-6torr. The deposition rate is controlled at ~0.5Å/sec and the 

thickness of pentacene film was about 1000Å, monitored by the quartz crystal 

oscillator.  Slower deposition rate is expected to result in smoother and better 

ordering of the organic molecules. The deposition temperature is also a factor 

influencing the pentacene film formation. The temperature we use in depositing 

pentacene films is 70 oC. The pentacene was deposited directly without shadow mask. 

 

Step5. Patterned pentacene 
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 As shown in Fig. 2.5, the device was dipped in D.I. water and the pentacene 

film on AlN treated by O2 plasma was removed. The pentacene film deposited on the 

O2 plasma treated region was removed. The active regions were patterned 

successfully in this process. 

 

Step6. Source/Drain deposition through the shadow mask 

The injection barrier of the OTFT device is determined by the materials of the 

source and drain electrodes.  Materials with large work function are preferred to 

form Ohmic contact [21]. The Au with work function ~5.1eV does help to provide a 

better injection. Then, we deposited Au as the source/drain electrodes on the 

pentacene film. Au was deposited on the active layer by ULVAC thermal coater at 

deposition pressure 3×10-6 torr. The thickness of the electrode pad is 1000Å.

The top contact structure is shown in Figure 2.6.  In this study, all the measured 

characteristics of devices were obtained from the semiconductor parameter analyzer 

(HP 4156A) in the darks at room temperature.  And we measure the OTFTs 

immediately when the samples were unloaded from the evaporation chamber. 
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2.2 Methods of Device parameters extraction  

In this section, the methods of extraction the mobility, the threshold voltage, the 

on/off current ratio, the subthreshod swing, and the surface free energy is 

characterized, respectively. 

2-2-1 Mobility 

Generally, mobility can be extracted from the transconductance maximum  

in the linear region: 

mg

     D
OX

tconsVG

D
m V

L
WC

V
Ig

D

μ=⎥
⎦

⎤
⎢
⎣

⎡
∂
∂

=
= tan

        (2.1) 

    Mobility can also be extracted from the slope of the curve of the square-root of 

drain current versus the gate voltage in the saturation region, i.e. )( THGD VVV −−>− : 

    )(
2 THGOXD VVC

L
WI −= μ           (2.2) 

2-2-2 Threshold voltage 

Threshold voltage is related to the operation voltage and the power consumptions 

of an OTFT.  We extract the threshold voltage from equation (2.2), the intersection 

point of the square-root of drain current versus gate voltage when the device is in  

the saturation mode operation. 

2-2-3 On/Off current ratio 

Devices with high on/off current ratio represent large turn-on current and small 
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off current. It determines the gray-level switching of the displays.  High on/off 

current ratio means there are enough turn-on current to drive the pixel and sufficiently 

low off current to keep in low power consumption. 

2-2-4 Subthreshod swing 

Subthreshold swing is also important characteristics for device application. It is a 

measure of how rapidly the device switches from the off state to the on state in the 

region of exponential current increase. Moreover, the subthreshold swing also 

represents the interface quality and the defect density [22]. 

 ( ) constantlog =∂

∂
=

DV
D

G

I
V

S    , when VG＜VT for p-type.     (2.3) 

If we want to have good performance TFTs, we need to lower subthreshold swing of 

transistors. 

2-2-5 Surface free energy 

 The surface-free-energy of gate dielectrics is a characteristics factor, which 

affects the performance of the OTFTs.  The surface-free-energy was calculated from 

the contact-angle measurement. In our experiments, the surface energy was extracted 

by some different calculating methods. 

For the most part of the surface energy extracted methods, the Fowkes and 

Young approximation was used. As shown in the following equation [23]: 
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2/12/1 )(2)(2)cos1( p
L

p
S

d
L

d
SL γγγγγθ +=+              (2.4) 

where θ  is the contact angle between probing liquid and solid surface; Lγ ,  and 

  is the total surface-free-energy, dispersion, and polar component of probing 

liquid, respectively.  From this approximation, the total surface free energy 

d
Lγ

p
Lγ

Sγ of the 

solid surface is: 

p
S

d
SS γγγ +=  

It is characterized by the sum of dispersion  and polar  components. Three 

standard liquids (D.I. water, diiodo-methane and ethylene glycol) were applied to 

measure contact angles and thus extract the surface free energy of the dielectric. 

d
Sγ

p
Sγ
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Figure of Chapter 2 

 
 

Quartz glass

Al2O3

Au

ODMS

UV light

transparent
Quartz glass

Al2O3Al2O3

Au

ODMS

UV light

transparenttransparent

 
 

Fig. 2.1  Fabrication procedure of pentacene patterning by UV light 
exposure. 
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Fig. 2.2 Patterning procedure of device 
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Fig. 2.3 The surface of the AlN layer treated with O2 plasma were   
       patterned by the conventional photolithography process. 
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Fig 2.4 The AlN layer was partial treated with O2 plasma 
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Fig. 2.5 The device was dipped in D.I. water and the pentacene film 

on AlN treated with O2 plasma was removed. 
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Fig. 2.6 The structure of patterned device treated with O2 plasma. 
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Chapter 3 

Result and Discussion  

3-1 Various patterning methods analysis 

3-1.1 Surface free energy extraction 

    By using the Fowkes’ method, the polar and disperse fractions of the surface free 

energy of a solid could be obtained individually. The calculation step was described as 

below: 

 Step 1: Determining the disperse fraction 

   In this first step the disperse fraction of the surface energy of the solid was 

calculated by making contact angle measurements with at least one purely disperse 

liquid. By combination of the surface tension equation of Fowkes for the disperse 

fraction of the interactions [24, 25]               

                         
2 d p

sl s l s sγ γ γ γ γ= + −
                   (3.1) 

with the Young equation      

                           coss sl lγ γ γ θ= +                       (3.2) 

the following equation for the contact angle was obtained after transposition:    

                         

1cos 2 1d
s d

l

θ γ
γ

= ⋅ −
                   (3.3) 

and, based upon the general equation for a straight line, y = mx + b , cosθ is then 
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plotted against the term 

1
d
lγ  and 

d
sγ  can be determined from the slope m. The 

straight line must intercept the ordinate at the point defined as b = -1. As this point has 

been defined it is possible to determine the disperse fraction from a single contact angle 

as shown in Fig. 3.1. However, a linear regression with several purely disperse liquids 

is more accurate. 

 

 Step 2: Determining the polar fraction  

For the 2nd step, the calculation of the polar fraction, equation 3.1 is extended by 

the polar fraction [24, 25]:  

               2( )d d p p
sl s l s l s lγ γ γ γ γ γ γ= + − ⋅ + ⋅                (3.4) 

It is also assumed that the work of adhesion is obtained by adding the polar and 

disperse fractions together:          

                  
d p

sl sl sl s lW W W slγ γ γ= + = + −                   (3.5) 

Compare equation 3.5 and the transition of equation 3.4 as follows: 

2( )d d p p
s l sl s l s lγ γ γ γ γ γ γ+ − = ⋅ + ⋅

                         

 

We can get that             
2p p p

sl lW sγ γ= ⋅
                       (3.6) 

then, by plotting      against     and following this with a linear regression, the 

polar fraction of the surface energy of the solid can be determined from the slope. In 

this case, the ordinate intercept b is 0, the regression curve must pass through the 

p
slW p

lγ
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origin (0, 0) as shown in Fig. 3.2. 

The surface energies of dielectric layers generally used in OTFTs was illustrated in 

Table I. The surface polarity of the AlN film was hydrophobic. Generally, the 

pentacene grown on a low surface energy would have a high quality characteristic 

[26]. As listed in Table.1, the AlN film similar to the OTS-treated SiO2 had a low 

surface energy. By treating with O2 plasma, the contact angle and surface energy 

variation of the AlN film was shown in Table II. The contact angle varied from 89.6oC 

to 4.8oC after O2 plasma treatment. It implied the AlN film transformed from 

hydrophobic to hydrophilic surface. The surface energy was extracted as described 

above. The surface energy of AlN film was increased drastically after O2 plasma 

treatment. It was proposed that the growth mode of pentacene was affected by the 

surface energy of the dielectric [27]. Pentacene grown on the surface with low surface 

energy would dominated by Volmer-Weber growth (three-dimension growth) mode. 

The Stranski- Krastanov (two-dimension growth) growth mode would occur while the 

pentacene is grown on a dielectric with high surface energy. The pentacene 

morphology and electrical characteristic would be modified by the growth mode 

variation. The pentacene grown by the Volmer-Weber mode region has better 

electrical performances than the Stranski- Krastanov mode [27]. 
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3-1.2 Patterning profile discussion 

    The patterning methods suggested in chapter 2 was discussed in this section. For 

active-matrix displays and integrated circuits using pentacene OTFTs, patterning with 

high resolution were the most important issue. The patterning method of combining 

SAM with UV light exposed from the front side was demonstrated in our group 

previous experiment as illustrated in Fig. 3-3. The process control of patterned 

pentacene in this method was limited in about 600μm as shown in Fig. 3.4. The edge 

of pattered regions was not straight enough in the fabrication process. To improve the 

process control of the patterned pentacene film, the patterning method of backside UV 

light exposure was designed in Chapter 2.1-1. Unfortunately, the process control of 

the self-aligned method did not meet our expectancy. It was limited in about 600μm 

just like the previous experiment. The edge of profile patterned by UV light was not 

as straight as bottom gate ( Fig 3.5 ). To accomplish the goal of high resolution, the 

patterning method of treating with O2 plasma on a hydrophobic dielectric was 

designed as introduced in Chapter 2.1-3. The proposed technology was compatible to 

conventional lithography system and improved the process control of patterned 

pentacene regions successfully. The active regions were defined as about 100μm as 

shown in Fig. 3.6. The O2 plasma patterning method was suggested to fabricate a 

pentacene based OTFT for its better process control. Due to the advantage, the thesis 
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focused on O2 plasma treatment method for consequent discussions. 

 

3-2 AlN properties altered by O2 plasma 

3-2.1 X-ray photoelectron spectroscopy ( XPS ) 

    To study the influence of O2 plasma on AlN film, XPS was used to analyze the 

content of aluminum, nitrogen, oxygen, and carbon on the AlN surface. ( Fig. 3.7 ) 

After O2 plasma treatment, the nitrogen 1s peak decreased and the oxygen 1s peak 

increased. The aluminum 2p peak increased and shifted around 0.5eV to the right. 

These XPS results implied that part of the Al-N bonds were broken and new Al-O 

bonds were created in AlN film after the O2 plasma treating. The surface of AlN film 

was altered to contain more Al-O bonds, this explained the surface energy variation 

described in Chapter 3-1.1. According to the analysis of the XPS curve shift and the 

surface free energy variation, the AlN film was modified after the O2 plasma treatment 

[28.29].  

 

3-2.2 Atomic Force Microscope ( AFM ) 

The pentacene deposited on the surface with different polarity would have a 

different morphology as shown in Fig. 3.8[27]. As discussed in 3-1.1, pentacene would 

be dominated by Volmer-Weber growth (three-dimension growth) mode when it was 
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grown on a low surface energy surface. The AFM image of pentacene film grown on 

two different surface energies before water dipping was shown in Fig. 3.9. After water 

dipping, the pentacene on higher surface energy was lifted-off, and on lower surface 

one would be maintained on the surface as illustrated in Fig. 3.10. 

 

3-3 Pentacene patterning by the suggested method – AlN modulation 

3-3.1 Photo resist after O2 plasma treatment 

   The patterned photo resist, FH6400, is used to protect the wanted regions from O2 

plasma treatment. Generally, the photo resist would also be etched by the O2 plasma. 

Thus, the photo resist was remaining or not had to be concerned after O2 plasma 

treating.  The thickness of photo resist verse O2 plasma treating time was shown in  

Table III. After 20 minutes plasma treating, the photo resist would be etched completely. 

In order to protect the device fabricating region regions, the O2 plasma treating time 

was be designed as 5min, 7.5min, 10 min, 11min ,12min, 13min, respectively. The 

pentacene was patterned successfully in treating O2 plasma for 11min, 12min, and 

13min. To prove that the photo resist was not etched completely in the O2 plasma 

treating time, the step height image of photo resist after O2 plasma treating for 12.5 

mins was shown in Fig. 3.11. 
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3-3.2 Adhesion energy and Intrusion energy 

   Different surface energy of the dielectric also gave rise to the different intrusion 

energy when dipping in DI water. As a result, pentacene on dielectric with high surface 

energy was removed while that on dielectric with low surface energy kept unchanged 

after the dipping. 

  An attempt was made to characterize the adhesive properties between the pentacene 

film and the substrate surface to study the patterning mechanism. The adhesion energy 

between different materials as the following equations were reported by D.H. 

Kaelble[30]: 

)(2 d
s

d
pe

p
s

p
pebeforeE γγγγ += 

where Ebefore was the adhesion energy between pentacene and substrate before water 

dipping;  and were the polar component and the dispersion component of the 

surface energy for pentacene; and were the polar component and the disperse 

component of the surface energy for the substrate. As shown in Table IV, the adhesion 

energy before water dipping was drastically increased after O

p
peγ d

peγ

pγs
dγs

2-plasma treatment. This 

was an interesting result since increased adhesion energy could not explain the 

water-removable property.  

    Therefore, we calculated and compared the intrusion energy EI caused by the 

interaction between water, pentacene and the dielectric surface. This intrusion energy 
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would cause a change of adhesion energy by: 

Ibeforeafter EEE −=          

where the Eafter was the adhesion energy after water dipping.  

The intrusion energy could be calculated by the following equation: 

{ [ ] }d
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p
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d
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d
pe

p
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p
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d
s

d
so

p
s

p
soIE γγγγγγγγγγ +−+++=  2 

      where   and   were the polar and disperse components of the surface 

energy for the dipping solution, which was the DI water in our study. The E

p
soγ

d
soγ

I increased 

drastically after O2 plasma treatment, as a result, the Eafter decreased to be less than zero 

after O2 plasma treatment. Specifically, the Eafter of non-O2-plasma-treated region was 

62.65 mJ/m2 and that of O2-plasma-treated region was -38.04 mJ/m2. As shown in Fig. 

3.10, after dipping, pentacene film on the non-O2 plasma-treated region was almost 

unchanged while that on the O2 plasma-treated area was removed. The pentacene 

patterning result consisted with the result of the adhesion energy. Pentacene grown on 

the O2-plasma-treated region - negative Eafter was easily to be lifted-off. By the method 

to partial remove the pentacene film, the pentacene was patterned successfully. 

  

3-3.3 The transfer characteristics of OTFTs fabricated by the suggested method 

   Finally, the preliminary electric characteristics of the AlN-OTFTs with proposed 

patterning method were demonstrated in Fig. 3.12. The triangle line is fabricated by 
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shadow mask as conventional device, the circle one is the patterned device. The 

subthreshold slope as 1.15 V/decade, the mobility as 0.0031, the threshold voltage 

around -7.5 V and on/off current ratio about 3 orders of the patterned device were 

obtained. The characteristic of the patterned deive was not as good as the conventional 

device as 0.0075 in mobility. The reason was conjectured that there might be a leakage 

current route in the transition region of the boundary of patterned pentacene film.( Fig. 

3.10 ) The OM image of the device fabricated by the proposed method was shown in 

Fig.3.13.  
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Figure of Chapter 3 
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Fig. 3.1  Extraction of the disperse fraction of solid surface. 
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Fig. 3.2  Extraction of the polar fraction of solid surface. 
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Contact Angle between Liquid and Sample
D.I. Water Glycerol Di-iodomethane

Al2O3 20-37
Si3N4 20-30
SiO2 35.7 22.4 25.1
PVA 53.9 54

HMDs+SiO2 53.7 53.7 43.9
PVP-copolymer 50-60

Pentacene
AlN 72.9±5 60.7±4 43.8±2

OTS+SiO2 78.9 81.8 43.9

Substrate Contact Angle between Liquid and Sample
D.I. Water Glycerol Di-iodomethane

Al2O3 20-37
Si3N4 20-30
SiO2 35.7 22.4 25.1
PVA 53.9 54

HMDs+SiO2 53.7 53.7 43.9
PVP-copolymer 50-60

Pentacene
AlN 72.9±5 60.7±4 43.8±2

OTS+SiO2 78.9 81.8 43.9

Substrate

 

 
Tabel I  The contact angles of different substrates. 

 
 
 
 
 
 

 

 Diiodo 
Methane 
(degree)  

Water 
(degree)

Ethylen 
Glycol 
(degree) 

d
Sγ  

(mN/m) 

p
Sγ  

(mN/m) 

Surface 
energy 
(mN/m) 

AlN 46.3 89.6 66.7 36.3 7.3 43.6 

AlN+O2 

plasma 
25.2 4.8 5.2 46.1 113.1 159.2 

 
Table II  The surface energy variation of AlN before and after O2 

plasma treatment. 
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Fig. 3.3  Process of pentacene pattering by UV light exposure 
  from the right side. 
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Fig. 3.4  The OM image of device patterned by UV light exposure  

from the right side. 
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Fig. 3.5  The OM image of device patterned by UV light exposure 

from the back side. 
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Fig. 3.6  The OM image of device patterned by O2 plasma treatment. 
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Fig. 3.7  The XPS spectrum of (a) C 1s  (b) Al 2p  of AlN treated 

with O2 plasma or not 
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Fig. 3.7  The XPS spectrum of (c) O 1s  (d) N 1s  of AlN treated 

with O2 plasma or not 
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ig. 3.8  (a) The AFM image of pentacene film on O2-plasma-treated 
region.  (b) non-O2-plasma-treated region. 
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Fig. 3.9 The AFM image of the pentacene patterning boundary. 
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Fig. 3.10. The AFM image of device after water dipping 
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00901202753155007601000Thickness of photo resist (nm)

30201512.5107.552.50O2 plasma treating time (min)

00901202753155007601000Thickness of photo resist (nm)

30201512.5107.552.50O2 plasma treating time (min)

 
Table III The thickness of photo resist verse O2 plasma treating time 

 
 

約100nm約100nm

 
 

Fig. 3.11  The AFM step image of photo resist treated with O2

plasma for 12.5 minutes 
 
 
 

 Ebefore(mN/m) EI (mN/m) Eafter(mN/m) 

AlN 81.23 18.58 62.65 

AlN+O2 

plasma 
91.67 129.71 -38.04 

 
 
 
 
 
 
 

 
Table IV  The intrusion energy and adhesion energy variations 

beforeand after O2 plasma treatment 
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Fig. 3.12 The characteristics of conventional device and patterned 
device. 
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Fig. 3.13 The OM image of the patternd device 
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Chapter 4 

Conclusion  

    By controlling the surface energy of AlN with O2 plasma treatment, the 

pentacene patterning was achieved.  The AlN gate dielectric exhibited low surface 

energy as 43.6 mJ/m2.  The surface energy was increased drastically after O2 plasma 

treatment. A high surface energy as 159.1 mJ/cm2 was obtained after O2 plasma 

treatment. The different surface energies can influence the pentacene growth. The 

intrusion energy between pentacene and the dielectric surface was used to discuss the 

pentacene lift-off process. The pentacene on the non-O2 plasma-treated area (low 

surface energy) kept unchanged after water dipping. The pentacene on the 

O2-plasma-treated region was lifted-off after water dipping. Pentacene based OTFTs 

fabricated on the region without O2 plasma treatment were characterized. After water 

dipping, subthreshold slope was around 1.15 V/decade and on/off current ratio was 

about 3 orders. The proposed technology was compatible to conventional lithography 

system and is applicable to OTFT arrays. 
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